The first directly modulated InGaAsP DFB laser module using the flip-chip mounting technique was fabricated for 25.8-Gb/s operation. The fabricated laser chip has p-and n-electrodes on the surface side. This structure is suitable for flip-chip mounting, which provides a high modulation bandwidth. The fabricated module provided clear eye opening with a dynamic extinction ratio of over 4 dB when operated 25.8 Gb/s.
Introduction
The explosive increase occurring in data traffic requires a huge transmission capacity for inter data center networks. To meet this demand, 100 Gigabit Ethernet (100GbE) [1] using a multi-lane wavelength-division multiplexing (WDM) system was standardized. In a 100GbE transceiver, the optical transmitter section consists of four 25.8-Gb/s light sources and an optical multiplexer (MUX). Therefore, integration technology is indispensable if we are to realize a compact optical transmitter module. A monolithically integrated laser array is attractive for such an optical transmitter including a multi-lane light source. However, a problem as regards fabricating a compact high-speed module with a laser array chip is a bandwidth degradation caused by the parasitic inductance of the long bonding wires between the lasers and signal lines on a circuit board in the module [2] . The flip-chip mounting technique can be used to solve this problem because it requires no bonding wires and provides a high modulation bandwidth [3] . As for the light sources, directly modulated lasers (DMLs) are promising candidates and some DMLs operating at 25.8 Gb/s have been studied [4, 5, 6] . However, the reported lasers are not necessarily suitable for flip-chip mounting.
In this letter, we describe how we developed a directly modulated InGaAsP distributed feedback laser (DFB laser) better suited for the flip-chip mounting technique. An InGaAsP DFB laser with a ruthenium (Ru)-doped semi-insulating buried heterostructure (SIBH) has p-and n-electrodes on its surface side. We flipchip mounted it in a module and achieved 25.8-Gb/s operation with clear eye opening for a back-to-back transmission (BtoB).
Device design
When a laser chip is flip-chip mounted, it is preferable to have the p-and nelectrodes on the same side. And a buried-heterostructure (BH) is needed to protect the laser waveguide and flatten the laser surface other than the n-contact trench. A BH also provides a lower threshold and operating currents than a ridge-waveguide structure. Therefore, we fabricate an InGaAsP multiple quantum well (MQW) laser with an SIBH on a semi-insulating (SI)-InP substrate, and it has both electrodes on the surface side, as shown in Fig. 1(a) . The SI layer dopant is conventionally iron (Fe), which interdiffuses with the zinc (Zn) dopant of the adjacent p-type layer, resulting in the degradation of the current-blocking property. To solve this problem, we used a Ru-doped InP as a SI layer, because Ru does not interdiffuse with Zn [7, 8] . The lasing mode of the DFB lasers was stabilized by using a quarter lambda shifted grating. The cavity length of the laser is set at 150 µm.
Module design
In a conventional module, the modulation signal is transmitted from the signal line on an RF circuit board to the DML through the bonding wires. However, the parasitic inductances of the bonding wires degrade the modulation bandwidth of the module. To solve this problem, we used the flip-chip mounting technique shown in Fig. 1(b) . The DML chip was mounted upside down on the RF circuit board and supported by gold (Au) bumps on the RF circuit board. The p-and n-electrodes were connected to the signal line and the ground (GND) on the RF circuit board through 30-µm-high Au bumps, respectively. This structure requires no bonding wires and increases the modulation bandwidth. Fig. 2(a) shows the light-current (L-I) characteristic including the optical coupling loss and the voltage-current (V-I) characteristic of the module. The module performance was measured at 25°C. The threshold current of the laser was 4 mA. And the differential resistance of the laser was about 17.5 ohms at a bias current of 50 mA. As shown in Fig. 2(b) , the lasing wavelength of the laser was 1306.5 nm and the side-mode-suppression-ratios (SMSRs) exceeded 40 dB at a bias current of 50 mA. 
Module performance

Conclusion
The first flip-chip mounted 25.8-Gb/s InGaAsP DFB laser module was fabricated. A 3-dB frequency bandwidth of 14.2 GHz was achieved at a bias current of 50 mA. We obtained clear eye openings with a DER of 4.2 dB. These results indicate that the flip-chip mounting technique and the proposed laser structure are attractive for realizing a compact and high-performance optical transmitter for 100-Gb/s transceivers. 
